Abstract The oomycete, Phytophthora infestans, is one of the most important plant pathogens worldwide. Much of the pathogenic success of P. infestans, the potato late blight agent, relies on its ability to generate large amounts of sporangia from mycelia, which release zoospores that encyst and form infection structures. Until recently, little was known about the molecular basis of oomycete pathogenicity by the avirulence molecules that are perceived by host defenses. To understand the molecular mechanisms interplay in the pathogen and host interactions, knowledge of the genome structure was most important, which is available now after genome sequencing. The mechanism of biotrophic interaction between potato and P. infestans could be determined by understanding the effector biology of the pathogen, which is until now poorly understood. The recent availability of oomycete genome will help in understanding of the signal transduction pathways followed by apoplastic and cytoplasmic effectors for translocation into host cell. Finally based on genomics, novel strategies could be developed for effective management of the crop losses due to the late blight disease.
Introduction
Potato was introduced to Europe by Spaniards over 400 years ago, but this introduction of potato was not accompanied by a simultaneous introduction of Phytophthora infestans. This oomycete pathogen of potato arrived later, when late blight infected potato tubers came to the European continent from North America. In Ireland, potato had greatly contributed to increased population growth and, therefore, this country was hardest hit by the new disease. In a few years time in the 1840s, potato crop was decimated because of this disease. This caused the infamous Irish famine but was also linked to social turbulence on the European mainland (Zadoks 2008) . In fact, the disease completely changed the societal landscape of the Old and New World. In the mid nineteenth century in Ireland, Phytophthora gained notoriety and had a fateful impact on world history. The fungus destroyed the entire potato crop in the country for several successive years, triggering mass starvation, due to which around one million people died and a further two million emigrated to Australia and North America. Since then, potato late blight has tended to take center stage in the area of plant pathology.
P. infestans belongs to the kingdom Stramenophila, class Oomycetes and the supergroup Chromalveolates that also include brown algae, diatoms and human pathogen Plasmodium. Majority of oomycetes are fungus like eukaryotic microorganisms, which include saprophytes as well as pathogens of plants, insects, crustaceans, fish, vertebrate animals and various microorganisms (Marguilis and Schwartz 2000) . Plant pathogenic oomycetes infect a wide range of host plants, including crop species, native weeds, ornamental plants, and trees (Erwin and Ribeiro 1996; van West et al. 2003; Grenville-Briggs and van West 2005) .
R E T R A C T E D A R T I C L E
The plant pathogenic oomycetes are remarkably diverse and exhibit lifestyles ranging from obligate biotroph to necrotroph. Oomycetes include members of the genus Phytophthora, downy mildews and Pythium. However, the best studied oomycetes of plant pathogenic species, belongs to the genus Phytophthora (Kamoun 2003 (Kamoun , 2006 Judelson and Blanco 2005) . There are over 80 plant pathogenic Phytophthora species, each having their specific hosts (Erwin and Ribeiro 1996) . Some of the economically important Phytophthora spp. are listed in the Table 1 .
Biology of P. infestans
Literary meaning of Phytophthora is plant destroyer, a name coined by Anton De Bary in 1801. It is a pathogen of historical significance as it is the cause of Irish potato famine, which continues to cost billions of dollars annually to the modern agriculture and also impacts subsistence farming in developing countries (Kamoun and Smart 2005; Fry 2008) . P. infestans is heteropathic i.e. two mating types are present, mating type A1 is prevalent mating type, and mating type A2 rarely occurs. However recent distribution of the A2 mating type has significant impacts on disease severity and incidence. When plants are infected with isolates of both mating types, sexual reproduction with oospore formation may occur, otherwise asexual sporangia are produced. The antheridium and oogonium are the only haploid parts in the life cycle of P. infestans. The antheridium enters the oogonium, the nuclei of both will fuse together (the process known as karyogamy), which form a diploid oospore (Fig. 1 ). The diploid oospore will develop into a sporangium and then the cycle will continue asexually through sporangium germination via germ tube (Schumann and D'Archy 2000) .
Oospores are more abundantly found in stems than in foliage, probably because the stems survive blight attack longer than leaves (Frinking et al. 1987; Mosa et al. 1991) . For the same reason, more oospores are produced on cultivars with medium to high resistance than on susceptible ones, when infected plant debris fall to the ground and released into the soil (Drenth et al. 1995; Hanson and Shattock 1998) . Very little is known regarding oospore germination in the soil and mechanism by which potato plants are infected by the oospores (Andrivon 1995; Drenth et al. 1995) . In contrast to the asexually derived spores, the sexually produced are more robust and can overwinter in soil. Accordingly, in a population with both mating types present, the late blight pathogen has an additional survival strategy, independent of its hosts.
P. infestans became an issue of interest over the past decade due to dramatically increased losses caused by the disease in many parts of the world (Daly 1996) . P. infestans is a hemibiotrophic pathogen, it initially requires living host cells and then causes extensive necrosis of host tissue culminating in prolific sporulation (Kamoun and Smart 2005) . Infection generally starts when motile zoospores of P. infestans swim on the leaf surface, encyst and germinate (Walker and van West 2007) . Occasionally, sporangia can also initiate infection. Germ tubes form appresorium and then a penetration peg, which pierces the cuticle and penetrates an epidermal cell to form an infection vesicle. Branching hyphae with narrow digit like haustoria expand from the site of penetration to neighboring cells through the intracellular space. Later on, infected tissue necrotizes and mycelium develops sporangiophores that emerge through the stomata to produce numerous asexual spores called sporangia. Pathogen dispersal usually occurs through the sporangia which release zoospores under cool and humid conditions. 
The zoospores might penetrate tuber through wounds, lenticels and eye (Robertson 1991) . Infected tuber can act as inoculum source and start an epidemic the following year. Pathogenesis involves the secretion of proteins and other molecules by P. infestans. Some of these participate in helping the pathogen attach to plant surfaces, while others help in breaking down physical barriers to infection, such as plant membranes or cell walls. For effective infection process several signal molecules encoding G (Guanidine) protein coupled receptor play a major role. Several G protein coupled receptors (GPCR), like alpha and beta sub-unit protein are essentially involved in the development of mycelium, sporangium, zoospore release and chemotaxis phenomenon (Latijnhouwers and Govers 2003; Latijnhouwers et al. 2004) . Besides this,other molecules (effector molecules) influence the physiology of the host by suppressing or inducing host defense responses.
Genome
Only in recent years have genomes of eukaryotic plant pathogens been sequenced. The first one was Magnaporthe grisea, the rice blast fungus (Dean et al. 2005) and to date, a handful of draft genome sequences of fungal plant pathogens are available (Xu et al. 2006) . With sequencing of four Phytophthora species, P. infestans, P. sojae, P. capsici and P. ramorum (Kamoun and Goodwin 2007) , the next daunting challenge is functional elucidation of genes through comparative and global functional analyses. Information on functional genomics will help addressing questions on-i) What are the recognition events between host and pathogen? ii) What events determine the subsequent development of successful infection?
iii) How does a plant mount an effective defence, and how can this defence be suppressed or avoided by the pathogen. Knowledge on these will in turn help in developing and employment of transgenic strategies for imparting resistance against the pathogen (Lamour et al. 2007 ).
The genome size of oomycetes differs drastically, ranging from 18 Mb to 250 Mb, based on estimates made using image analysis of nuclear Feulgen staining, reassociation kinetics, and contour-clamped homogeneous electric field (CHEF) gel electrophoresis. The genome size of P. infestans is larger (240 Mb) than P. sojae (95 Mb) and P. ramorum (65 Mb). The whole genome shotgun approach was used to sequence P. infestans strain T30-4 (Hass et al. 2009 ). Hass et al. (2009) identified a core set of 8,492 orthologue clusters (including 9,583 P. infestans orthologues and close paralogues), of which 7,113 genes showing 1:1:1 orthology relationships among the three genomes. The genes involved in cellular processes are abundant in the core proteome of the P. infestans genome which include DNA replication, transcription and protein translation. Comparison of the three Phytophthora genomes revealed an unusual genome organization. The genome comprised of conserved gene order blocks having relatively high gene density and low repeat content and is separated by region in which gene order is not conserved, having low gene density and high repeat content (Hass et al. 2009 ). With intergenic distances of 633 base pairs (bp) for P. ramorum, 603 bp for P. infestans and 804 bp for P. sojae, within conserved blocks, the genes are tightly spaced in the genome (Hass et al. 2009 ). Larger intergenic regions and slightly larger number of predicted genes are responsible for larger genome size of P. sojae (95 Mb) as compared to P. ramorum (65 Mb) . The numerous open reading frames (ORFs) of both genomes Fig. 1 Life cycle of Phytophthora infestans. Life cycle starts from infected plant and leaves. zoosporangia formed on disease seedlings and leaves are released to healthy plants. Zoospores are released from sporangia which infect leaves and plant. Seedlings produced from infected tubers become diseased. Anteridium and oogonium nuclei fuse together to form diploid oospore, which develop into sporangium and cycle will continue as asexual cycle
contain similarities to retrotransposons and other transposon like elements . It has been predicted that the differences in transposon activity could lead to variation in genome size within the Phytophthora genus (Govers and Gizen 2006) . In the comparative large genome size of P. infestans (240 Mb) than P. sojae, the intergenic regions are often larger (Jiang et al. 2006) but also, the different types of the transposons found in this species are overwhelming (Ah Fong and Judelson 2004; Jiang et al. 2005; Judelson 2002 ). Recent proliferation of Gypsy elements in P. infestans underlies the genome expansion. Gypsy elements correspond to approximately one third of the genome. Gypsy Pi −1 and a new Gypsy long terminal repeat (LTR) are the two families with the highest relative expansion in P. infestans (Hass et al. 2009 ). Gypsy long terminal repeat (LTR) element is named 'Albatross' which along with Gypsy Pi-1 accounts for at least 29 % of the genome. Albatross elements cover approximately 32 Mb and Gypsy Pi-1 element covers~22 Mb. While Albatross elements are enriched in the regions of non-conserved gene order and contribute appreciably to relative expansion of gene-sparse regions, the Gypsy Pi-1 elements are relatively evenly distributed across the genome (Hass et al. 2009 ). Overall, in the P. infestans genome transposons have a strikingly rich and diverse population. Two large classes of autonomous rolling-circle type helitron DNA transposons (7.3 Kb and 6.4 Kb elements) have been identified which are, in much larger numbers than described in any other genome. In most of the helitron elements 13 open reading frames (ORFs) were intact and functional while most helitron ORFs are degenerate pseudogenes. In contrast, the P. sojae and P. ramorum genomes contain no intact helitron elements. As compared to P. sojae and P. ramorum, the P. infestans genome carries increased number of mobile elements across diverse families with~5 times as many LTR retrotransposons and~10 times as many helitrons (Hass et al. 2009 ). In P. infestans, the RXLR and CRN gene families are among the most expanded relative to P. sojae and P. ramorum (Hass et al. 2009 ). These RXLR and CRN genes mostly populate expanded regions of the P. infestans genome that have low gene density and a high abundance of repeats in marked contrast to the housekeeping "core ortholog" gene set that occupy gene-dense and repeat-poor regions (Hass et al. 2009 ).
The gene annotation confirmed that Phytophthora spp. lack genes that are common in fungi, such as the ones encoding particular cytochrome p450 enzyme necessary for sterol biosynthesis or the polyketide synthesis required for biosynthesis of secondary metabolites . Only 21 % of the Phytophthora gene models have similarity to known proteins, whereas another 57 % contain matches to known protein motifs. This implies that 23 % are not found in species other than Phytophthora spp., many of which (1,563) are orthologs present in both species.
Recent study on myosin domain evolution showed that the genus Phytophthora has the highest number of myosin types found in any sequenced eukaryote. The signaling pathway analyzed by (Meijer and Govers 2006) starts with the phosphatidyl inositol and results in the synthesis of phosphatidic acid. One of the four steps normally requires a phospholipase C (PLC), an enzyme with conserved features present in all eukaryotes sequenced so far; but Phytophthora spp. have no such PLC gene. How Phytophthora spp. cope without a PLC gene is still unresolved and is just one of many questions that will arise when the genomes are mined for enzymes involved in other metabolic and signaling pathways.
Signal transduction pathway in Phytophthora infestans: pathway regulating growth and development Filamentous fungi are multicellular eukaryotic organisms which contain the most devastating human and plant pathogens. These organisms play an important role in nutrient cycling, food as well as for antibiotic production.
Signaling pathways regulated by heterotrimeric Gproteins plays an important role in the development and physiology in plant pathogenic fungi (Bolker 1998; Kronstad 1997; Lengeler et al. 2000) . In the life cycle of P. infestans, the Gα-subunit (Pigpa1) and Gβ-subunit (Pigpb1) are differentially expressed during various stages. Function of the Gα -subunit gene and Gβ-subunit gene in P. infestans has been studied by targeted mutagenesis by gene silencing. Successful isolation and characterization of G-protein alpha subunit (Pigpa1) and the G-protein beta subunit (Pigpb1) of P. infestans confirmed that these genes controlled zoospore motility, virulence, vegetative growth and sporulation. In a recent study, (Latijnhouwers and Govers 2003; Latijnhouwers et al. 2004 ) it was proved that silencing of Pigpb1 was shown to be associated with the formation of abundant aerial mycelium and defect in sporulation, whereas the Pigpa1 silenced mutants were affected in virulence and zoospore motility (Fig. 2) .
Phytophthora infestans pathogenesis: cellulose synthesis act as precursor for the establishment of the infection
The precursor for establishment of infection in P. infestans is cell wall synthesis. In oomycetes, cell wall consists of cellulose and glucans i.e. (1→3) -β -D -Glucan and (1→6) -β -D-glucan (Bartnicki-Garcia 1968) . Cellulose has a microfibrillar structure in the walls of oomycetes and it helps in scaffolding, as is done by chitin in true fungal cell walls (Bulone et al. 1992; Helbert et al. 1997; BartnickiGarcia and Wang 1983) . Cellulose is the most abundant macromolecule on earth (Delmer 1999) and is having biological and applied importance but still mechanisms of
cellulose formation are poorly understood. However, to study cellulose biosynthesis, genes coding for cellulose synthase have been isolated. The cellulose synthases are integral membrane protein containing multiple transmembrane segments and a cytoplasmic domain bearing the catalytic part of enzyme (Saxena and Brown 2000) . A novel family of four cellulose synthases CesA1, CesA2, CesA3, CesA4 have been isolated (Grenville-Briggs et al. 2008 ). The P. infestans CesA proteins having transmemebrane protein structure and signature motifs of processive glycosyltransferases but also have a pleckstirn homology domain of unclear function. CesA genes are upregulated during early infection stages i.e. during germination of cyst and subsequent production of appressoria. These proteins are localized to the growing tip of infection structure (Grenville-Briggs et al. 2008) . It has been demonstrated that for appressorium development, cell wall stability and integrity is required. Therefore, in P. infestans pathogenesis, appressorial integrity is an essential element, since without it, P. infestans is non-pathogenic (Grenville-Briggs et al. 2008 ).
Host-pathogen interactions
All organisms have evolved several defence systems in order to protect themselves against bacteria, fungi and viruses. There are two types of defense, constitutive and active (induced). Constitutive defenses include thickened cuticle and constitutively produced secondary metabolites. Such mechanisms provide a generalized protection through out the lifetime of the plant. In contrast, active defence will not be triggered until a pathogen starts to attach the plant. Active defense responses include rapid synthesis of antimicrobial chemicals and proteins, and a programmed cell death (PCD) response, called the hypersensitive response. (Heath and Boller 2002; Jones and Dangl 2006) . With the beginning of the molecular era of plant biology in the early 1980's, a major area of research has been to identify, clone, and characterize various genes involved in disease resistance. As a result, many intriguing mechanisms, which plants have evolved to respond to pathogen infection, have been identified over the past 10 years, and remarkable progress has been made towards elucidating the multitude of genes that are involved in these responses. Genetically manipulating fungal resistance has now become a reality to compliment conventional breeding for disease resistance. Transgenic plants expressing either novel proteins/enzymes or compounds, e.g. i) hydrolytic enzymes such as chitinase, glucanase, β-1,3-endoglucanase and other pathogenesis related (PR) proteins, ii) ribosome inactivating proteins (RIP), iii) antifungal proteins (AFP), iv) phytoalexins and v) defensive arsenals, like hydrogen peroxide etc., from foreign organisms are found to be tolerant to fungal infection. Many of the fungi have chitin and β-1,3-glucans as major structural polysaccharide in their cell wall. Plants coevolved natural defense mechanisms through enzymatic degradation of these components by endochitinases and β-1,3-glucanases. Expression of these enzymes, like other pathogenesis-related-proteins, is induced in response to pathogen attack (Bol et al. 1990; Cutt and Klessig 1992) . Therefore, in one of the first approaches to engineer disease resistance, the bean endochitinase CH5B gene under the control of 35S CaMV promoter was introduced into tobacco (Broglie et al. 1991) . However, expression of none of the above mentioned cell wall degrading enzymes can impede development of late blight disease because P. infestans contains cellulose instead of chitin in its cell wall. However, introduction of soybean β-1, 3-endoglucanase gene into potato showed increased resistance to infection by P. infestans in selected transformed lines (Borkowska et al. 1998) .   Fig. 2 Role of G protein in Phytophthora infestans. GPβ is involved in signaling events in mycelia leading to the formation of sporangia. Gpα is involved in zoospore release and virulence. "?" indicates unknown G protein response to growth, development and mating
Some alternative strategies have been employed for the containment of this most important fungal disease of potato. Osmotin, a class of pathogenesis-related protein (PR −5), has significant antifungal activity, particularly against P. infestans, probably through membrane-disrupting activity, inhibition of hyphal growth and lysis of sporangia (Woloshuk et al. 1991) . Constitutive expression of osmotin gene from tobacco and tomato in potato caused delayed disease symptoms after inoculation with P. infestans (Liu et al. 1994) . Transgenic potato plants expressing this truncated osmotin gene exhibited high level of resistance to P. infestans (Liu et al. 1996) . Cloning of an osmotin homologue gene (pA13) from Solanum commersonii facilitated its expression in cultivated potato, Solanum tuberosum. Transgenic potato overexpressing pA13 showed an increased tolerance to P. infestans at various phases of infection (Zhu et al. 1996) . Overexpression of PR-5 (or thaumatinlike (TL) proteins) in potato delayed development of disease symptoms of P. infestans (Liu et al. 1994) in vitro, whereas trials in transgenic potato plants overexpressing antisense PR-5 did not exhibit any higher susceptibility (Zhu et al. 1996) . Curiously, a basic PR-5 has been identified on the cell wall of P. infestans (Jeun and Buchenauer 2001) , implying this pathogen is equally armed and definitely ruling out the use of PR-5 thaumatinlike proteins and osmotin 'single-transgeneconstruct' (STC) in genetically engineered potatoes since both belongs to the PR-5 family. Recent study showed that a pathogenesis related protein gene i.e. (PR gene) StPRp27 isolated from the potato leaves enhanced resistance against P. infestans by inhibiting the disease development (Shi et al. 2012) .
Plant defensins are a family of small and highly stable basic proteins of 45-54 amino acids that inhibit the growth of broad range of microbes (Thomma et al. 2002) . Portieles et al. 2010 showed that the constitutive expression of a novel defensin gene i.e. NmDef02 from Nicotiana megalosiphon, in transgenic potato and tobacco plants enhanced resistance against various plant microbial pathogens including oomycetes P. infestans.
Synthesis of phytoalexin, stilbene resveratrol, through expression of stilbene synthase gene from grapevine in potato caused a substantial reduction of leaf or tuber damage after infection with P. infestans (Strittmatter et al. 1998 ).
An exceptional breakthrough in improving transgenic potato broad-spectrum resistance to P. infestans was initiated in 2007. Lee et al. (2007) identified Solanum tuberosum L. ethylene responsive element binding proteins (StEREBP1) to be cold-inducible, playing important regulatory functions in plant development, as well as environmental stress and defense responses (Song et al. 2003) . With the continuous effort to improve potato resistance to phytopathogens, especially oomycetes, transgenic potato lines overexpressing StEREBP1 gene from potato (S. tuberosum L.) generated by Agrobacterium tumefaciens-mediated transformation was shown to exhibit intense resistance to P. infestans (Seok Jun et al. 2009 ).
In the arms race, plants have evolved resistance (R) proteins that recognize effectors. Disease resistance processes in plants are diverse. Resistance might occur at the sub-specific or varietal level (Race or cultivar specific resistance) or at the species or genus level (non host resistance). Disease resistance is often associated with perception by the plant of signal molecules, namely elicitors, which are produced by the avirulent pathogen. Both type of resistance have been used in breeding potatoes resistance to late blight-race specific or vertical resistance and horizontal or field resistance. Genetically controlled disease resistance in plants against pathogen is usually classified as race specific or vertical resistance. Vertical resistance is based on gene-for-gene interaction where interaction of pathogen avirulence genes takes place with plant's major resistance genes (R-genes) directly or indirectly. As a result hypersensitive reaction (HR) is switched on and infected cells together with adjacent ones undergo programmed cell death. This can prevent further growth of biotrophic or hemibiotrophic pathogen. Horizontal or field resistance is second type of resistance and is polygenic. Field resistance involves lowering of the effectiveness of infection, slowing down the rate of colonization of host tissues and hampering the sporulation of oomycetes.
R genes are classified in three main classes: Nucleotide Binding Site Leucine Rich Repeat (NBS-LRR), LRR Receptor like kinase (LRR-RLK) and LRR Receptor like protein (LRRRLP). The NBS-LRR class is the most abundant in all plant species investigated so far. In the beginning of 20th century, 11-R genes were discovered in the wild species of Solanum demissum which confer resistance to P. infestans and breeders started applying them in potato cultivars. These studies showed that eight of the eleven known specificities, R3 (now known to be R3a and R3b), R5, R6, R7, R8, R9, R10 and R11, are located close to each other on chromosome 11 (Bradshaw et al. 2006a; El Kharbotly et al. 1994; Huang et al. 2004 Huang et al. , 2005 . The rapidly evolving complex races of pathogen due to genome rearrangement by transposon activity often overcome the R-gene mediated resistance rendering the potato cultivars susceptible within a few years of its release. Moreover, Breeding for late blight resistance is a slow process. However, in present scenario, late blight resistant breeding is still a great challenge to potato breeders, with most of resistant varieties developed earlier showing breakdown. Hence, molecular breeding approaches should be adopted to complement conventional breeding to get durable late blight resistance.
Effector biology
Effectors are defined as the molecules and pathogen proteins that alter host cell structure and functions. These secreted
molecules (virulence factors and toxins) may facilitate infection and/or trigger defence responses (avirulence factors or elicitors) or both. Therefore, the term effector is neutral and in disease interactions it does not imply a negative or positive impact (Kamoun 2006) .
These proteins have the ability to trigger hypersensitive response in resistant plants (avirulence activity). These were later found to contribute to virulence in susceptible plants (typically host plants which lack effective resistance (R) genes). These proteins were termed as effectors and the term become popular in the field of plant -microbe interactions. Oomycetes modulate host cell defences through an array of disease effector proteins and accomplish parasitic colonization of plants.
Effectors proteins have been found in many classes i.e. bacteria, fungi, nematodes and oomycetes (Huang et al. 2003; Chisholm et al. 2006; Kamoun 2007) . In bacterial system, these effectors uses type III secretion machinery to enter plant cell, while as in nematodes the entry of effectors is through stylet. In fungus, the mechanism of entry of effectors is unknown while for oomycete effectors, it has recently been discovered. Oomycetes and biotrophic fungi use haustoria to enter the host cells. Haustoria are specialized structures, form within cells but remain encased by a modified host cell membrane known as the extrahaustorial membrane (Hahn and Mend Gen 2001; Panstruga 2003) . Initially, the primary function of haustoria was considered in nutrient uptake but recently evidence emerged the role of haustoria in the secretion of fungal and oomycetes effectors, which are responsible for modulating host cell machinery (Fig. 3) (Catanzariti et al. 2006; Dodds et al. 2004; Kemen et al. 2005; Whisson et al. 2007) .
Like other oomycete, P. infestans is predicted to secrete large repertoire of secreted effector proteins that target two distinct sites in host plant (Kamoun 2006; Whisson et al. 2007; Hass et al. 2009 ). There are two classes of effectors, both of which target particular sites in the host plant. First are apoplastic effectors which are secreted in to the plant extracellular space and the second are cytoplasmic effectors which are translocated inside the plant cell presumably through specialized structures like haustoria and infection vesicles that invaginate inside the living host cells. Apoplastic effectors which are mainly hydrolyzing enzymes, possibly function to degrade plant materials (Tian et al. , 2007 Damascene et al. 2008) . In contrast, the biochemical activity of cytoplasmic effectors is poorly understood.
Apoplastic effectors
Apoplastic effectors are secreted into the plant extracellular space where they interact with apoplastic plant proteins involved in pathogen defence. These include inhibitors of plant hydrolases such as glucanases, chitinases and proteases that are hydrolytic enzymes (Damascene et al. 2008; Tian et al. 2004 Tian et al. , 2007 . The serine protease inhibitors EPI1 & EPI10 (Extracellular protease inhibitors), are supposed to function in counterdefense, inhibit and interact with a subtilisin-like serine protease of tomato P69B, that is thought to function in defence . These three genes are expressed and upregulated during infection of P. infestans in potato . The mechanism of the inhibition of P69B by EPI1 and EPI10 is still unknown. Inhibition of host proteases by Kazal -like proteins could be a common virulence strategy between plant and mammalian parasites. Cystatin-like cysteine protease inhibitors EPIC1 and EPIC2B, secreted by P. infestans, target PiP1 and other apoplastic cysteine proteases of tomato (Tian et al. 2007 ). Formation of disulfide bridges enhances the stability of apoplastic region of plant cell, which is rich in degradative proteases. The Phytophthora glucanase inhibitors with inhibitory activities against host hydrolytic enzymes are the other secreted proteins. GIP1 and GIP2 are the glucanase inhibitors which are secreted proteins of P. sojae. GIP1 and GIP2 inhibit the soybean endo-β-1, 3 glucanase EGase A (Rose et al. 2002) . The glucanase inhibitors are thought to act as counter defense molecules. They inhibit the degradation of β-1, 3/1, 6 glucans in the cell wall of pathogen and/or also release defense eliciting oligosaccharides by host β-1, 3 endoglucanases.
It has been shown that Phytophthora species produce 10 kDa extracellular proteins, known as elicitins that induce the HR and other biochemical changes associated with defense responses in Nicotiana. In P. infestans, in addition to the canonical elicitin INF1, a complex family of elicitin-like proteins has been identified. Elicitin-like genes encode putative extracellular proteins that share the 98 amino-acid elicitin domain corresponding to the mature INF1. Five inf genes (inf2A, inf2B, inf5, inf6, and inf7) encode predicted proteins with a C-terminal domain in addition to the N-terminal elicitin domain. These proteins may form a 'lollipop on a stick' structure in which an O-glycosylated domain forms an extended rod that anchors the protein to the cell wall leaving the extracellular N-terminal domain exposed on the cell surface. Therefore, these atypical INF proteins may be surface or cell wall associated glycoproteins that interact with plant cells during infection. It has been reported that multiple layers of INF elicitin recognition and late blight resistance occur in Nicotiana (Ponchet et al. 1999; Huitema et al. 2004) .
Phytopathogenic microorganisms such as bacteria and fungi secrete a wide range of catalytic toxins that act as key virulence determinants by killing host cells. In contrast, necrosis and ethylene-inducing peptide 1 known as NEP-1 like proteins (NLP's) constitute a superfamily of proteins that trigger leaf necrosis and immunity associated responses in various plants. NLP's are circa 25-kDa proteins that have been identified in bacteria, fungi & oomycetes particularly in plant associated species (Kamoun 2006) . NLPs share a high degree of sequence similarity, despite of having diverse phylogenetic distribution. They stimulate immunity associated defenses in almost 20 dicotyledonous plants but not in monocotyledonous plants (Kamoun 2006) . Hence, NLPs act both as trigger of immune responses and toxin-like virulence factors and can induce defence responses in both susceptible and resistant plants (Qutob et al. 2006; Kamoun 2006; Ottmann et al. 2009 ).
In P. infestans and P. sojae, some NLPs genes are upregulated during transition from biotrophic to necrotrophic growth. The crystal structure of an NLP from the oomycete Phythium aphanidermatum revealed structural similarity to actinoporins, cytolytic toxins produced by the marine organisms. Mutant analysis revealed that the same structural features are required for NLP cytolysis and membrane permeabilization of plant cells, as well, as complementation to full virulence of an NLP mutant of the phytopathogenic bacterium Pectobacterium carotovorum (Thines and Kamoun 2010) .
Cytoplasmic effectors
Cytoplasmic effectors are modular proteins organized into two main functional domains, which consist of an Nterminal region, a highly conserved sequence motif that is the signal peptide and RXLR-dEER motif (Arginine, any amino acid, leucine, Arginine), involved in secretion and translocation inside plant cells. The other one is C-terminal domain carrying the biochemical effector activity that follows the RXLR domain (Kamoun 2006 (Kamoun , 2007 Morgan and Kamoun 2007) . The RXLR region function in secretion and targeting and the C-terminal domain carries the effector activity and operates inside plant cells (Fig. 4) . P. infestans RXLR effector Avr3a suppresses hypersensitive cell death in host cells (Kamoun 2007) . A major function of the effector proteins is to suppress the signal transduction pathway that mediates plant defense responses (Chisholm et al. 2006; Jones and Dangl 2006; Gohre and Robatzek 2008) .
Six oomycete avirulence effectors have been reported to date: Avr1b (Shaan et al. 2004 ) from the soybean pathogen Phytophthora sojae; ATR1 (Allen et al. 2004 ) and ATR13 form the Arabidopsis pathogen Hyaloperonospora arabidopsidis (formerly Peronospora parasitica) (Rehmany et al. 2005) ; and Avr3a (Armstrong et al. 2005) , Avr4 (Van Poppel et al. 2008) and Avr-blb1 (Vleeshouwers et al. 2008 ) from the potato and tomato pathogen P. infestans. All above six proteins posses the RXLR motif which has since been shown to be required for the effectors Avr3a (Whisson et al. 2007 ) and Avr1b (Dou et al. 2008) to traverse the plant host cell plasma membrane. The RXLR effector Avr3a from P. infestans is originally avirulence effector, recognized by R3a, the corresponding resistance protein in potato. Avr3a is represented by two allelic forms differing only in two amino Major function of effector protein is to suppress the signal transduction pathway that mediates plant defence responses (Kamoun 2007) . CRNs are modular proteins with effector activities encoded by c-terminal region (Kamoun 2006) . CRN protein domains expressed in planta are retained by the plant cell and stimulate cell death by intracellular mechanism
acids-Avr3aK80I103 (AVR3aKI) and AVR3aE80M103 (AVR3aEM). AVR3aKI but not AVR3aEM activates potato resistance protein R3a to trigger effector-triggered immunity (ETI). In addition, both forms are able to suppress host cell death induced by the P. infestans elicitin infestin 1(INF1), in the absence of R3a. AVR3aKI exhibits stronger inhibition whereas suppression by AVR3a EM is weak. INF1 triggers a range of defense responses, including PCD in diverse plant species and shares many features with PAMPs. The P. infestans AVR3b-AVR10-AVR11 locus exhibits remarkable copy number variation resulting in amplification of up to 25 truncated copies of the candidate Avr gene Pi3.4 (Jiang et al. 2006) . The association of effector gene with plastic genome loci could confer a mechanism of adaptation to host resistance, perhaps by increasing genetic, epigenetic variations and enabling accelerated evolution.
Phytophthora effector genes are transcriptionally upregulated during infection and pre infection stages of host plants (Whisson et al. 2007 ). Several P. infestans RXLR effectors, at least 79, such as Avr3a, Avr4 and ipio are transcriptionally upregulated during biotrophic phase (until two-three days post inoculation) of infection showing sharp peak and a distinct expression (Hass et al. 2009 ).
Several genes have been isolated that have been implicated in the disease process but function of most of these have yet to be defined. Several of such genes encoded known proteins such as polyubiquitin and calmodulin, while the product of others remains to be determined. This latter class included a family of genes (ipiB) encoding glycine rich proteins and a second (ipiO) encoding a small, possibly secreted proteins with a putative cell attachment motif (arg-gly-asp). The ipiO, a RXLR effector gene of oomycete is in-planta-induced (ipi) (Birch et al. 2006) . This gene family consists of at least 16 variants which can be classified into three classes: I, II and III. The class III ipiO variant does not induce the so-called hypersensitivity reaction (HR) when co-infiltrated with Rpi-blb1 in tobacco. IpiO, is expressed at high levels in invading hyphae and was found to induce hypersensitive resistance in the wild potato species Solanum bulbocastanum, S. stoloniferum, and S. papita. IpiO occur as a small gene family consisting of at least two conserved genes IpiO1 and IpiO2 (PEXRD6-2); which differs in only four amino acids at protein level. Expression of IpiO is induced in planta during the early stages of P. infestans infection but no definite function for IpiO within the host cytoplasm has been determined. IpiO is also known to be present in P. infestans and the closely related species P. andina, P. ipomoeae, P. phaseoli and P. mirabilis. IpiO is a pathogen effector that has the capacity to disrupt cell wall plasma adhesions, to interact with RGD binding sites on the plasma membrane and to compete with RGD containing for those binding sites. Moreover, IpiO has a RXLR-dEER motif that may function as host cell targeting signal.
In addition to the RXLR effectors, oomycetes also secrete another class of cytoplasmic effectors known as 'Crinklers' (CRN's) proteins, a not well characterized family of cytoplasmic effectors that trigger crinkling and necrosis of leaves (Torto et al. 2003) . They also alter host responses and may play equally important functions as RXLR effectors (Kamoun 2006) . The in-planta functional expression assay in Nicotiana spp. with P. infestans, secreted candidate proteins which were identified as CRN1 and CRN2. The expression of both genes results in crinkling of leaves and cell death alongwith induction of defence related genes (Torto et al. 2003) . In P. infestans CRN genes are expressed during colonization of host plant tomato. These crinkler proteins alter host responses and are thought to play important roles in disease progression (Torto et al. 2003; Kamoun 2007; Win et al. 2007 ). Whether they are synthesized in the cytoplasm or are secreted outside the plant cell, CRN proteins can trigger necrosis showing mechanism to enter plant cell (Torto et al. 2003; Kamoun 2007) .
Database searches revealed CRNs form a complex family of relatively large proteins (about 400-850 amino acids) in Phytophthora. Sequence analysis revealed evidence of gene convergence and/or recombination in the CRN gene family of P. infestans. Most of the CRN proteins of H. arabidopspdis have RXLR motif but they lack dEER motif. All CRN proteins contain FLAK motif (LXLFLAK) which is common to all CRN's that overlaps RXLR motif (Win et al. 2006) . In Phytophthora genome, RXLR and CRN genes are found organized in clusters (Hass et al. 2009; Jiang et al. 2008; Tyler et al. 2006) . The effector activities of CRN proteins are encoded by C-terminal domain as in RXLR effectors as is suggested by deletion analysis (Kamoun 2006) . Thus, it remains to be determined what role, if any, the FLAK motifs, or the RXLR motifs that overlaps some of them actually play a role in cell entry (Tyler 2009 ).
Structure and translocation of effectors into host cell
To date, the five structures of effector proteins i.e. Avr3a4 and Avr3a11 from P.capsici (Yaeno et al. 2011; Boutemy et al. 2011 ); PexRD2 from P.infestans (Boutemy et al. 2011 ); ATR1 and ATR13 from Hyaloperonospora arabidopsidis (Chou et al. 2011; Leonelli et al. 2011 ) have been published. Despite of sharing less than 20 % sequence similarity, these effectors proteins i.e. PEXRD2 and Avr3a11 display a conserved (Boutemy et al. 2011; Win et al. 2012 ) alpha helical fold, termed the WY domain, a composite of the W,Y motifs (Hass et al. 2009; Jiang et al. 2008) . Some RXLR effectors carry up to 11 tandemly-repeated WY domain (Boutemy et al. 2011) . In silico analysis revealed that 26 % of the annotated H. arabidopsidis RXLR effectors and 44 % of the annotated Phytophthora RXLR effectors contain the WY domain (Boutemy et al. 2011) . The WY domain has
evolved in large number of RXLR effectors. This domain function as a conserved but adaptable protein fold, which underlies the evolution of effectors that maintain their virulence activities while evading recognition by the plant immune system. Based on the structure of its homologs Avr3a4 and Avr3a11, molecular models of P.infestans Avr3a revealed that residues 80 and 103 are essential for receptor R3a (Bos et al. 2009 ). These residues map to the same face of four-helix bundle. In addition to this, further elucidation of the structure revealed the presence of a positively charged surface -patch, formed from Lysine residue of the Nterminal α-helix (Yaeno et al. 2011; Boutemy et al. 2011) .
The entry of cytoplasmic effectors inside host cells remain unclear and under debate. The mechanism of translocation into host cell is best studied in the RXLR type effectors. Studies with avirulence protein (Avr3a) from P. infestans and (Avr1b) from P. sojae revealed that the effectors carry an RXLR domain that is, required for host cell entry (Whisson et al. 2007; Dou et al. 2008) . In host cells, Avr3a stabilizes and inhibits the function of the E3 ubiquitin ligase CMPG1, which is responsible for inducing cell death triggered by the pathogen derived elicitor protein INFI elicitin. Kale et al. proposed that that RXLR domain of Avr1b mediates binding to phosophatidyl inositol phosphates (PIPs). Kale et al. extended this model to effector proteins from diverse plant pathogenic fungi (Kale et al. 2010; Plett et al. 2011 ). But this model was not accepted by oomycete and plant pathogenic community due to the lack of reproducibility of PIP binding experiment results (Gan et al. 2010; Ellis and Dodds 2011; Yaeno et al. 2011) .
But, Yaeno et al. 2011 . showed that the effector domain of Avr3a, rather than the RXLR domain is required for binding to PIPs. Structural modeling and functional analysis revealed that Avr3a C-terminal effector domain contain a conserved positively charged surface patch of amino acid residues that bind to the negatively charged PIPs. PIP binding to the effector domain of Avr3a of P. infestans is necessary for the accumulation and stabilization of CMPG1 to suppress INF1-induced cell death. Further, Gan et al. 2010 also showed that the C-terminal domain of the flax rust effector AvrM strongly binds to PIPS and phosphotidylserine. Finally, the ability to block PI-3-P-mediated effector entry (Kale et al. 2010) suggests promising avenues for disease control. In future, the understanding of the molecular basis of the lipid binding to the effector domain will help in elucidation of pathogenicity mechanisms.
Conclusion
Intensive research on potato late blight pathogen resulted in more questions than answers. After the study of the structure, evolution and function of the genome of P. infestans, the challenge for research community is to translate this information into functional genomics. Although, the research community has embarked into functional genomics, a very little is known about the molecular mechanisms of pathogenicity. Functional genomics study will contribute to the identification and characterization of the genes that are responsible for defence mechanisms and pathogenicity. Deciphering the complex genome of the late blight pathogen and potato genome have dramatically advanced our knowledge to understand the function of effector proteins and the essential genes responsible for pathogenicity. In this review, we describe the biology, genome architecture, structure and diverse function of effector proteins and basic understanding of plant-pathogen interactions. Microarray analysis of late blight resistance potato cultivar Kufri Girdhari in response to P. infestans revealed that 2,344 genes showed 2.5 fold higher expression as comparision to late blight susceptible cv. Kufri Bahar (unpublished data of author's experiment). This approach will help in management of the disease by developing the resistant cultivar through novel molecular technologies like silencing of putative candidate effector genes, overexpressing the candidate defense related genes or through the marker assisted breeding programme. Further, host delivered mediated silencing of P. infestans Avr3a gene in late blight susceptible cultivar has given promising lines (author's experiment) and keeping in this view, the need of research effort is to study the interactions between different effector proteins and the signal transduction pathways followed by the effector proteins for translocation into host cells. Application of rapid cost effective sequencing, trancriptomics, proteomics, gene silencing and gene chip expression profiling technologies promises better understanding of the pathogenicity mechanisms as well as the effective management of the disease. What is really needed is to design alternative and novel control strategies based upon these techniques and the implementation of the knowledge by pathologists, breeders, biotechnologists and agronomists for management of late blight disease. 
